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T he specific incorporation of selenium into proteins in the form of selenocysteine has been studied extensively in Escherichia coli (1) . Selenophosphate, the reactive selenium donor required for selenocysteine biosynthesis in this process, is produced in prokaryotes and eukaryotes by selenophosphate synthetase (2, 3) . The selenium substrate for this enzyme can be derived from environmental inorganic selenium compounds, such as selenite, or from selenoamino acids that are present in dietary proteins. Marked toxicity of free selenite and certain other selenium-containing compounds for many organisms is exhibited at concentrations as low as 10 M and can be circumvented by the use of specific selenium transferases. An elemental form of selenium produced by reduction of selenite or released from selenocysteine by a lyase-type enzyme can be transferred by means of selenium-binding proteins (SeBPs) † or specific delivery-type proteins to serve as substrate for selenophosphate synthetase (4, 5) . In many biological systems, the selenium substrate can be derived from selenium diglutathione (GSSeSG) formed by reduction of selenite with glutathione (GSH) (Eq. 1, in which GSSG is glutathione disulfide).
Rhodanese, a sulfur transferase, and cysteine͞selenocysteine lyases are two examples of proteins that can bind selenium at a reactive cysteine residue (4, 6) . Rhodanese can bind selenium as a perselenide derivative comparable to the normal persulfide derivative formed by sulfur addition. Although both types of rhodanese derivatives react with cyanide, there are other presumed perselenide derivatives that fail to show similar reactivity. Thus, cleavage by reaction with cyanide is not reliable as a general diagnostic test for perselenide derivatives. It has been shown that selenium bound to certain proteins that contain a reactive cysteine residue with a low pK a can be used as substrate by selenophosphate synthetase (7) . One example is the abundant glycolytic enzyme GAPDH (glyceraldehyde-3-phosphate dehydrogenase). A highly reactive cysteine residue (Cys-149) with a pK a value of Ϸ5.4 owing to its interaction with His-176 is present on each subunit of this homotetrameric protein (8) . GAPDH in E. coli was shown to bind selenium in vivo, and selenium was retained by the protein during purification (9) . Human erythrocyte GADPH bound 1 eq of selenium per subunit upon in vitro incubation with GSSeSG. The isolated GAPDH-selenium derivative (100 M), when incubated in vitro with selenophosphate synthetase, effectively replaced the high (1.5 mM) selenide concentrations normally used as substrate (7) . In addition to GSSeSG formed from selenite and GSH (10), selenium derivatives of other thiols, such as lipoic acid and penicillamine, have been prepared and characterized regarding possible selenium donor function. Methanococcus vannielii, a member of the archaeal family of organisms, produces several selenoenzymes that are essential for growth and methane biosynthesis (11, 12) . A protein that lacks selenocysteine and instead contains a bound form of selenium was isolated from this organism, but no homology to an extended N-terminal amino acid sequence of the protein, determined by Edman degradation (12) , was found in the recorded gene banks. Recently, a unique gene encoding a comparable deduced protein sequence appeared in the genome of Methanococcus maripaludis (13) . The DNA corresponding to this gene was isolated from M. vannielii and heterologously expressed in E. coli (14) .
The N-terminal amino acid sequences of recombinant SeBP (rSeBP) and the protein isolated from M. vannielii were identical. A single cysteine residue in SeBP 1 occurs at position 59, whereas the protein encoded by the comparable M. maripaludis gene 1 lacks cysteine, and Cys-59 is replaced by histidine. In view of the fact that the selenium-binding activity of the SeBP protein is presumed to depend on the presence of the unique cysteine residue (15), a common biological role for the otherwise similar gene products from M. vannielii and M. maripaludis is not Abbreviations: SeBP, selenium-binding protein; rSeBP, recombinant SeBP; GSH, glutathione; GSSeSG, selenodiglutathione; DCIA, 7-diethylamino-3-((4Ј-(iodoacetyl)amino) phenyl)-4-methylcoumarin; DTNB, 5,5Ј-dithiobis(2-nitrobenzoic acid); TCEP, Tris(2-carboxyethyl)phosphine hydrochloride; Gnd-HCl, guanidine hydrochloride; DSC, differential scanning calorimetry.
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obvious. Their occurrence in operons containing genes encoding proteins involved in one-carbon metabolism may be relevant. Some of the structural and selenium-binding properties of rSeBP are described in the present report. The rSeBP preparations, isolated aerobically from E. coli extracts in the absence of added reducing agents, contained little or no bound selenium, and most of the cysteine residues were oxidized.
Materials and Methods
The reducing agent, Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), was obtained from Pierce. Ultrapure guanidinehydrochloride (Gnd-HCl) was purchased from Invitrogen. The f luorescent alkylating agent, 7-diethylamino-3-((4Ј-(iodoacetyl)amino)phenyl)-4-methylcoumarin (DCIA), was obtained from Molecular Probes, and bromo[1-14 C]acetic acid was purchased from American Radiolabeled Chemicals (St. Louis).
Growth, Purification, and Selenium Atomic Absorption Spectroscopic
Analysis of the rSeBP from E. coli. E. coli cells harboring the plasmid containing the gene encoding SeBP were grown in modified Luria broth in a 10-liter fermentor. Air and oxygen consumption during growth was monitored in the gas phase. Approximately 5 g of E. coli cells were lysed, and the cell extracts were purified by using DEAE Sepharose, phenyl-Sepharose, and size exclusion chromatography under aerobic, nonreducing conditions (14) . An additional purification step using butyl Sepharose chromatography was included. rSeBP solutions (25 M as the monomer) were analyzed for selenium content by atomic absorbance spectroscopy. SeBP concentrations were calculated by using the extinction coefficient of the monomer ( Ϸ 2,680 M Ϫ1 ⅐cm Ϫ1 ) and a correction constant (1.143) for native vs. denaturing conditions at 276 nm. Unless stated otherwise, all SeBP concentrations are in terms of the 8.8-kDa monomer.
Reduction of rSeBP. Proteins were reduced, and all reactions and separations were carried out under anaerobic conditions in an anaerobic glove box under a 90% nitrogen͞10% hydrogen atmosphere. All solutions were degassed with argon before use. The''as-isolated'' rSeBP samples (50 M monomer) in 50 mM Tricine⅐KOH, pH 7.25͞0.5 mM EDTA͞100 mM KCl were incubated with 25 mM TCEP for 1 hr at room temperature. For complete reduction of the protein, 1 M Gnd-HCl was added to the buffer. Proteins were freed of phosphine reagent on PD-10 columns and transferred into 50 mM Tricine⅐KOH, pH 7.25͞0.5 mM EDTA͞100 mM KCl with Gnd-HCl (0-3.5 M). The cysteine thiol group content was determined anaerobically by 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB) titration (16, 17) . Other rSeBP samples in buffer containing 1 M Gnd-HCl were reduced with TCEP overnight, separated from Gnd-HCl and TCEP by using PD-10 columns, and transferred rapidly into anaerobic 50 mM Tricine⅐KOH͞0.5 mM EDTA, pH 7.25, that contained no Gnd-HCl.
CD, Differential Scanning Calorimetry (DSC), and Light-Scattering
Measurements. rSeBP solutions (250 M) were dialyzed into10 mM PBS (pH 7.2) containing variable concentrations of GndHCl. These solutions were analyzed in 0.05-mm slit-width cells by CD scanning from 300 to 210 nm. Three replicate scans were acquired by using a scanning speed of 1 nm͞sec. Samples without Gnd-HCl were also analyzed thermally by using DSC from 15°C to 90°C, followed by either rapid (1°͞min) or slow (10°͞hr) cooling. Light-scattering measurements were made in the same manner as the DSC measurements, except that both the excitation and the emission wavelengths were 360 nm.
rSeBP pH Stability. The stability of rSeBP (50 M monomer) in 50 mM Tricine⅐KOH͞EDTA buffer was determined as a function of pH. Protein samples, after adjustment to the desired pH value at room temperature, were clarified by centrifugation at 25,000 ϫ g for 20 min at 4°C, and the amount of protein remaining in the supernatant solutions was estimated based on absorbancy at 276 nm.
Cysteine pKa Determination. The cysteine thiol content of rSeBP was estimated by fluorescence spectroscopy after reaction with the fluorescent probe DCIA. To ensure thiol group accessibility, the protein was partially unfolded in 1 M Gnd-HCl, although, under these conditions, only approximate cysteine pK a values are obtained. A series of rSeBP samples (40 nM monomer) in 50 mM Tricine⅐KOH͞0.5 mM EDTA buffers (pH 5.5-9.5) containing 1 M Gnd-HCl was incubated at room temperature for 5 min with 100 nM TCEP and 40 nM DCIA. Reaction mixtures without rSeBP served as controls. Samples were excited at 384 nm, and the emission spectrum was scanned from 400 to 500 nm. Fluorescence differences caused by changes in pH were accounted for by measuring the difference in signal at the max (476 nm) for each sample and its corresponding control.
Alkylation of reduced protein with bromo[1-14 C]acetic acid in the absence of Gnd-HCl was used to estimate the pK a value of cysteine thiol groups in the native protein. Three 40 M SeBP samples, after reduction with TCEP in 50 mM Tricine⅐KOH͞0.5 mM EDTA, pH 7.25͞1 M Gnd-HCl, were separated from TCEP and Gnd-HCl on PD-10 columns and transferred into Tricine͞ EDTA buffers (pH 6.5, 7.5, and 8.5). Three fractions (0.9 ml) collected from each protein peak were added immediately to 0.1-ml aliquots of bromo[1-14 C]acetic acid (4 nmol, 10,000 cpm). After 30 min, 2-mercaptoethanol (4 mM) was added, and the three labeled rSeBP samples from each protein peak were combined and separated from reagents on PD-10 columns. All of the above steps were carried out under an atmosphere of 90% nitrogen͞10% hydrogen in a glove box. The 14 C content of 0.1-ml aliquots of the three combined fractions from each protein peak was determined by scintillation spectrometry.
Selenium Binding to rSeBP Protein. The amount of selenium bound to the treated proteins was determined by atomic absorption spectroscopy. Three conditions for selenium binding from added selenite were tested. In each case, a protein sample lacking selenite served as a control. Protein samples (50 M monomer) in 50 mM Hepes⅐KOH͞0.5 mM EDTA, pH 7͞0.75 M Gnd-HCl (buffer A) were treated as follows: (i) The as-isolated oxidized protein was incubated with selenite (200 M) for 1 hr at room temperature under aerobic conditions. Protein samples were freed of selenite and transferred into buffer A by using PD-10 size exclusion columns. (ii) rSeBP in buffer A was reduced with 250 M TCEP overnight under anaerobic conditions. The reduced rSeBP, after separation from TCEP and anaerobic transfer to buffer A on a PD-10 column, was incubated with selenite (200 M) for 1 hr under anaerobic conditions at room temperature. Protein was separated from excess selenite on a PD-10 column. (iii) rSeBP monomer (50 M), reduced as described in (ii) and transferred anaerobically into buffer A, was reacted with 200 M DCIA under anaerobic conditions for 1 hr at room temperature. The alkylated protein was transferred into anaerobic buffer A and reacted with 200 M selenite for 1 hr at room temperature. Protein was separated from selenite and transferred into buffer A on a PD-10 column.
Results
Purification and Selenium Content of rSeBP from E. coli. Purification of 50-mg amounts of rSeBP from E. coli extracts was carried out under aerobic, nonreducing conditions as described in ref. 14. The selenium content of as-isolated rSeBP solutions (100 M monomer) determined by atomic absorbancy indicated that there was only 0.57 nmol of selenium per mol of monomer (0.00057 Se per cysteine). Both the isolated recombinant protein and the native protein purified from M. vannielii migrated as 42-kDa species on native PAGE gels (Fig. 1A) .
During the original isolation of the 75 Se-labeled protein from M. vannielii, there was gradual loss of 75 Se, and purified preparations usually contained little or no selenium (12) . MALDI-TOF analysis of both proteins showed that the same monomer (mass ϭ 8,804 Da) was present in each (Fig. 1B) .
Reduction of SeBP. The thiol group content, determined by DTNB titration, was only 12% of the deduced one cysteine residue per subunit in purified as-isolated rSeBP that was essentially free of bound selenium. The DTNB reactive thiol group content of the protein determined in the presence of added denaturant (0.5-3.5 M Gnd-HCl) was essentially unchanged, indicating that thiol groups indeed were oxidized and not merely inaccessible. Initial attempts to reduce this isolated protein with the phosphine reducing agent (TCEP) in 50 mM Tricine⅐KOH͞0.5 mM EDTA, pH 7.25, without added denaturant failed to increase the thiol content of the protein. When the same experiment was carried out anaerobically in the presence of 1 M Gnd-HCl, the protein was fully reduced, and thiol groups reactive with DTNB (one per subunit) were detected in the unfolded protein after removal of TCEP. In contrast, when protein that had been reduced for 1 hr under the same conditions was then freed of TCEP and transferred into degassed buffer with no Gnd-HCl, the thiol content determined by titration with DTNB was only Ϸ10% of the theoretical one cysteine per subunit. Because the DTNB titrations in both cases were carried out under strictly anaerobic conditions immediately after reduction, it seemed likely that cysteine in the reduced refolded protein had become inaccessible. Indeed, when the protein was redenatured anaerobically for 1 hr in added Gnd-HCl (1 M), titration with DTNB showed a thiol content of Ϸ90% of the original one reduced cysteine residue per subunit.
Determination of Cysteine pKa. The typical isolated free cysteine residue has a pK a value of Ϸ8.3. However, the reactivity of cysteine residues in proteins can vary widely, depending on the nature of adjacent amino acid residues in secondary and tertiary folded proteins. Before determining the reactivity of the single cysteine residue per monomer as a function of pH, it was important to determine the stability of the protein under acidic conditions. As the pH of rSeBP solutions (50 M monomer) in 50 mM Tricine⅐KOH͞0.5 mM EDTA without denaturant was decreased from 7 to 5, UV absorbancy measurements at 276 nm indicated the following: at pH 5.4, the protein started to precipitate, at pH 5.25, Ϸ50% of the protein remained in solution, and at pH 5.0, the protein was completely precipitated.
To determine an approximate cysteine pK a value, alkylation of the reduced protein with the fluorescence probe DCIA (18) was carried out over a pH range of 5.2 to 9.5 in the presence of 1 M Gnd-HCl. By this method, the pK a value of the cysteine residue in the protein monomer under mild denaturing conditions was estimated to be Ϸ6.7 (Fig. 2, squares) .
Alkylation with bromo[1-14 C]acetic acid was used as an alternative procedure for determination of the pK a of the cysteine thiol group in the protein in the absence of detergent. Based on the amount of [ 14 C]alkyl group incorporated, a cysteine pK a Ϸ 7.25 was estimated in the refolded protein after removal of Gnd-HCl (Fig. 2, circles) . Because the rate of refolding after removal of Gnd-HCl was not determined, the cysteine residue environment during reaction with the [ 14 C]alkyl group is unknown. However, these data indicate that the protein contains a reactive cysteine residue that could be available as a potential selenium-binding site.
Denaturation Studies of the SeBP. Initially, denaturation structural studies focused on thermal denaturation measured by DSC and light scattering. As shown in Fig. 3 , there is very little change in either the DSC or the light-scattering signal between 25°C and 50°C. At 50°C, there is a small, linear change in the DSC signal (Ͻ10%), coupled with an increase in light scattering that is due to subunit dissociation, because there is no protein precipitation over this temperature range. From 70°C to 85°C, there is a large change in both the light scattering and the DSC signal, which indicates overlap of the dissociation and denaturation events. Above 85°C, the DSC signal decreases while the light-scattering signal increases, due mostly to the aggregation of the protein.
After overnight cooling to 25°C, the DSC signal does not return to the original baseline. The minimal change over the entire temperature range is an indication that changes in the protein at high temperature are irreversible.
Therefore, the effects of chemical denaturation on protein structure were investigated as an alternative procedure. Initially, the secondary structure of the rSeBP was probed under native conditions (Fig. 4A) . Using the convex constraint algorithm (19, 20) , the average amino acid molecular weight value of 107.36 g͞mol can be used in conjunction with a CD spectrum to calculate the approximate contribution of ␣-helix, ␤-sheet, and random coil to the secondary structure of the protein. Based on this analysis, the secondary structure of rSeBP is calculated to be Ϸ60% ␣-helical, 20% ␤-sheet, and 20% random coil.
CD scans of the protein from 260 to 200 nm in the presence of increasing concentrations (0-6 M) of guanidine show a significant decrease in signal intensity as the concentration of guanidine increases (Fig. 4B) . The signal intensity loss occurs when denaturation occurs (i.e., the protein is less structured). The residual signal intensity indicates that the remaining folded rSeBP is still composed of ␣-helix and ␤-sheet. However, after overnight dialysis to remove denaturant, the samples all reverted to within 5% of the original spectral intensity (Fig. 4C) , which indicates that the changes that occur because of chemical denaturation are reversible. When the sample was denatured thermally and monitored by CD, the secondary structure was lost in a manner similar to that observed with the addition of guanidine. However, at Ϸ70°, there was an increase in signal (Ϫ30°of rotation at 215 nm) but not in any recognizable form (data not shown). This increase was attributed to protein aggregation and was irreversible.
As shown by CD analysis and confirmed by the use of SDS denaturing gels, even under strong denaturing and reducing conditions, the protein is not completely unfolded or completely dissociated (12, 14) .
Selenium Binding to rSeBP. Based on the fact that cysteine is oxidized in most of the as-isolated rSeBP preparations and bound selenium is missing, experiments were designed to determine conditions required for reintroduction of bound selenium. (i) Selenite was added to the protein that was mostly oxidized (Ϸ89%). (ii) Reduced protein was incubated with selenite under denaturing (1 M Gnd-HCl) and anaerobic conditions. (iii) Reduced protein was treated with the alkylating agent DCIA before selenite addition. Fig. 5 shows that under condition (i), the amount of selenium that bound to the oxidized protein sample was 0.05 eq per monomer. Because the protein was mostly oxidized, only Ϸ10% of the cysteine residues were available to reduce selenite and bind selenium.
However, once the protein was fully reduced and Gnd-HCl was present, 0.25 eq of selenium could bind per monomer. Thus, if the cysteine residues are the sole reductant of the added selenite, one selenium can be bound for every four cysteine residues. This stoichiometry is comparable to the 4:1 ratio of ϪSH consumed to selenite that is reduced when selenite and reduced GSH interact to form RSSeSR (4, 10, 21) . When cysteine in the reduced protein was previously alkylated, selenite was not reduced, and no selenium was bound. From these results, it is clear that utilization of selenite as the selenium source depends on the participation of the cysteine thiol group in the absence of an external reducing agent.
Discussion
Based on initial structural studies, rSeBP produced in E. coli consists of strongly associated 8.8-kDa identical subunits. The thiol group of the single cysteine residue in each subunit of the reduced rSeBP protein is largely inaccessible to added alkylation agents or to titration with DTNB under native conditions. However, addition of 1 M Gnd-HCl causes partial unfolding of the protein, allowing thiol groups to detected. Oxidized cysteine residues in native protein also fail to react with reducing agents unless a denaturant is added to unfold the protein. Using the fluorescent alkylating agent DCIA as a probe, a pK a value of Ϸ6.7 was determined for the thiol group of rSeBP in the presence of 1 M Gnd-HCl. Although protein that was reduced in the presence of the denaturant rapidly refolded upon its removal, an approximate pK a value of 7.2 could be calculated from data of experiments in which reactivity of reduced protein with bromo[1-14 C]acetic acid was determined as a function of pH immediately after transfer to Gnd-HCl-free buffer. The identities of the amino acids in the surrounding environment that presumably contribute to the lowered pK a value of the cysteine residue are yet to be determined. Because the protein tended to lose selenium readily during aerobic purification from E. coli extracts, it is possible that selenium binding to the protein in vivo is sufficiently weak to allow it to serve as an effective substrate for selenophosphate synthetase. Presumably, selenium retained in the native M. vannielii protein is present in a protected environment that reduced loss under in vitro isolation conditions. Thermal studies have shown that subunit dissociation and denaturation of rSeBP occur at a similar temperature, indicating that the protein is thermally stable up to Ϸ70°C, as has been demonstrated for other hydrophobic proteins from methanogens (22) (23) (24) . However, at higher temperatures, irreversible aggregation occurs, making thermal denaturation unsuitable for further studies. In contrast, small changes in the secondary protein structure observed with chemical denaturation were fully reversible. Under these conditions, no aggregation of protein was detected. Thus, chemical denaturation appears to be a viable way of changing the cysteine accessibility without eliciting permanent changes in protein structure. In fact, reduction with TCEP under anaerobic conditions in the presence of Ϸ1 M Gnd-HCl as a denaturant proved to be an effective means of converting oxidized cysteine residues in the protein quantitatively to available thiol groups. Further studies are needed to determine the actual selenium-binding potential of the native protein under in vivo conditions. In view of the fact that the GSSeSG product formed from selenite is an effective source of selenium for in vitro binding to selenium delivery proteins, recent findings regarding the mechanism of its synthesis have important implications regarding its role as a selenium source in vivo.
An unexpected intermediate formed in the reaction of thiols with selenite was reported recently by Kessi and Hanselmann (25) . These investigators discovered that, during reduction of selenite by GSH (Eq. 1) under anaerobic conditions in a nitrogen atmosphere using degassed solutions, there was an initial formation of superoxide anion (O 2 Ϫ ) during the first minute of the reaction. This appearance of O 2 Ϫ was followed by a rapid decrease in superoxide anion concentration, presumably due to reaction with the GSSeSG product. An accompanying loss of GSSeSG also was observed. A constant low concentration of O 2 (9 M) was observed in the reaction mixtures, and this concentration did not change during conversion of mM levels of substrates to products. Presumably, the oxygen of the superoxide anion product was derived from the oxygen of selenite, but this point was not discussed. Early studies carried out by Kice et al. (26) on the mechanism of the nonenzymic reaction of thiols with selenite emphasized the complex nature of the overall reaction (Eq. 1). Based on a series of detailed kinetic studies, it was concluded that the likely product of the first stage of the reaction (RSSe0 2 H) would then be attacked by thiol on sulfur, selenium, or oxygen. Attack on selenium was considered the most likely. Indirect evidence of superoxide anion formation as an explanation of toxic effects of selenite on E. coli and other organisms under aerobic conditions has been reported (27, 28) , especially when in vivo GSH levels are unusually high (25) . The intermediate generation of superoxide anion during selenite reduction by GSH thus provides another possible explanation of the known toxicity of selenite in various biological systems. 5 . Selenium content of rSeBP samples. Oxidized, reduced, and alkylated protein samples were incubated with selenite as described in Materials and Methods. For each condition, there is a control to which no selenite was added. The selenium content of selenite-treated samples is expressed as eq of selenium bound per monomer. In the reaction of reduced protein with selenite, four cysteine thiol groups are consumed: Two are converted to RS-Se-SR, and two are oxidized to RS-SR as in the reaction with GSH (Eq. 1), resulting in one selenium eq bound per tetramer or 0.25 eq per monomer. The selenium content of the enzyme samples not treated with selenite (controls) was Ͻ0.02 eq selenium per monomer.
